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ABSTRACT

An experimental investigation was performed in the NASA/AmesResearch

Center 3.5-Foot Hypersonic WindTunnel (Test IH51A) to obtain aerodynamic

interference heating effects on the upper portion of the SpaceShuttle

External Tank (ET) in the presence of the Orbiter Forebody and Forward

attach hardware. A SSVOrbiter Forebodymodel was sting-mounted above

a flat plate, representing a rolled-out section of the upper section of

the external tank.

Ten test configurations were tested in order to get the heat transfer

contribution effects of each part during the model buildup configuration.

Thin skin thermocouple measurementsof the flat plate were obtained.

Data were obtained at a nominal Machnumberof 5.3 and Reynolds numbers

of 5.0 x 10-6 per foot and 1.0 x 10-6 per foot using a total temperature

of 1300°R. This test consisted of 62 good runs and approximately 118

tunnel hours were used. All the test objectives were successfully

completed on July 27, 1977.
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INTRODUCTION

An experimental investigation was performed to determine the interference

heating on the upper portion of the external tank in the proximity of the

external hardware on a 0.040-scale model 58-0T. The test was conducted in

the NASA/Ames Research Center 3.5-Foot Hypersonic Wind Tunnel to simulate

_1_ _O_u_O__ --_ --_ , _ .... _--_1 _4#_ _ _]l_ "ascent _x±_,u _L,= L,u,,_,=_ test _,_.._ were

Mach No. Pt(PSI) TT(°R) Re/ft

5.3 405 1300 5.0x10 -6

5.3 ii0 1300 l.Oxl0 -6

The purpose of this test was to determine the interference heating effects

on the upper portion of the ET in the presence of the Orbiter Forebody

and Forward attach hardware at Mach 5.3. The investigation included two

longitudinal positions to get a variation in Mach number.

Testing was conducted using ten (i0) model configurations as shown in

Figure la. A combined total of sixty seven (67) runs were made of which

sixty two (62) were considered good runs and approximately 118 occupancy

hours were used. This test was made during the period of July 13, 1977

through July 27, 1977. A summary of test conditions and model buildup

configurations tested is given in Tables I and II°

The general arrangement of the orbiter, external tank protuberances and

the carrier plate installation is shown in Figure la.

Tabulated aerodynamic heating data are presented in this report, as

well as computed heating parameters in plotted form.



SYMBOL

a

AFFDL

b

C,c

cL

Cp

co,c!,c2

_/_t

hi/hu

h

hs,href

Haw

Ht

Hwi

h/hs,

h/href

M, M_
Mach No.

m

Po

PT,Pt

MNEMONIC

CONSTANT SET

DTW/DT

H

HREF

HS SPHERE

HAW

HT

HW

H/HREF

MACH

PINF

PT

NOMENCLATURE

DESCRIPTION

Intercept of straight line curve fit (generalized)

Air Force Flight Dynamics Lab

Thickness of model skin

Specific heat of model skin material

Centerline

See Table _I and VII

Specific heat of air stream (perfect gas value)

Curve fit constants

Rate of change of wall temperature, °R/sec.

Ratio of heating coefficients of interfered flow
with undisturbed flow

Heat transfer coefficient at model wall for given

thermocouple location, BTU/ft2-sec-°R

Stagnation point heat transfer coefficient for

reference sphere, BTU/ft2-sec-OR

Adiabatic wall enthalpy

Freestream total enthalpy, BTU/LBM

Enthalpy based on model wall temperature for a

given thermocouple location at initial time.

Ratio of model heat transfer coefficient to heat

transfer coefficient of reference sphere (usually

followed by appropriate recovery factor, R = 1.0,

R = 0.9 or R = 0.85

Freestream Math number

Generalized straight line slope

Freestream statid Dressure, psia

Freestream total pressure, psia



SYMBOL

q

qs

Re,Re/ft

R

Rs

St

T/C, T/C No.

Tt, TT

Twi

t

Taw

V_, U

w, W

X/LSRB

LSRB

X

XT

MENMONIC

Q

QDOT

QREF, QS

RN/L

RN/FT

R

R

R/L

RUN NUMBER

STN NO

T/C NO

TINF

TPS

TT

TW

VINF

X/L

L

X

NOMENCLATURE (Continued)

DESCRIPTION

Freestream dynamic pressure, psi

Heat transfer rate at model wall for given

T/C location at initial time; BTU/ft2-sec

Heat transfer rate at stagnation point of

reference sphere at initial time, BTU/ft2-sec

Freestream Reynolds number per foot x 10 -6

Recovery factor

Reference sphere radius, ft.

Radial distance of thermocouple/reference

length at y = +45 °.

Tunnel run number

Stanton Number

Thermocouple Number

Freestream temperature, OR

Thermal Protection System

Tunnel freestream total temperature, OR

Model wall temperature for given thermocouple

location at initial time, OR

Time, sec

Adiabatic wall temperature, OR

Freestream velocity, ft/sec

Density of model skin material, ibm/ft 3

Longitudinal distance from SRB nose (full

scale)/reference length

Reference length of ET = 1845.8 inches

Distance of forward ET - orbiter attach strut

from plate leading edge, inches

Distance from SRB nose (full scale)



SYMBOL

Y

MNEMONIC

ALPHA

BETA

GAMMA

MU

RHO

PHI

NOMENCLATURE (Concluded)

DESCRIPTION

Model angle of attack, degrees

Model sideslip angle, degrees

Angular measurement from longitudinal axis

to ray, _45 de_rees (gee F_.gure !c)

Freestream viscosity, ib-sec/ft 2

Freestream density, slugs/ft 3

Model roll angle

Subscripts

aw

i

PG

S

t

W

oO

i

2

adiabatic wall

initial time

perfect gas

reference sphere

total condition

wall

freestream

condition upstream of shock

condition downstream of shock



CONFIGURATIONS INVESTIGATED

The wind tunnel model used for Test IH51A was designated model 58-OT. The

stainless steel carrier was mounted on the Ames sting assembly AI3684-DI5

and is 2.16 inches thick, 27 inches wide and 72 inches long with a wedge

leading edge. A boundary layer transition trip was applied across the

plate 4 inches from the leading edge. The basic carrier had two separate

instrumentation inserts.

The vehicle 102 lines orbiter forebody was made of solid aluminum casting,

with a steel inserted nose section and mounted over the carrier plate. The

sting mounting block was attached to the plate and was positioned in two

longitudinal locations to place the forward orbiter - ET attach strut at

either 24 or 42 inches from the plate leading edge as shown in Figure la

and in Table II.

The No. IX Flat Plate Insert was run only in the most forward position in

the carrier and contained one centerline row of 15 thermocouples mounted

on thin skin areas as shown in Figures la and lb.

The No. XI insert has attached (0.040-scale) instrumented ET hardware,

representing five major protuberances including; the forward orbiter - ET

attach strut, the LO 2 antigeyser line, the LO 2 pressure line, LO 2 feed line,

LH 2 pressure line and the instrumentation cable tray with fairings and attach

brackets. This insert has the capability to slide and to remain under

the forebody for both basic longitudinal locations of the orbiter and con-

tained 250 thermocouples on thin skin areas in the proximity of the protuberances

as shown in Figures la, ic and le.

i0



CONFIGURATIONS INVESTIGATED (Concluded)

The nominal skin thickness was 0.03 inches at the instrumented areas.

A boundary layer transition trip was applied around the orbiter nose

at X/L = 0.017 on specific runs as shown in Table II. Transition trips

consisted of 0.020-inch stainless steel balls spot welded to a 0.25-inch

wide by 0.005-1nch thick strip of stainless steel with a spacing of 0,080

inches between centers.

A more complete description of the model, including model drawings, can be

found in Reference i.

Photographs of the model in the tunnel are given in Figure 2.

il



IN STRUMENTAT ION

The thin skin model 58-0T is instrumented with 325 thirty-gage thermocouples

(T/Cs) on the flat plate inserts and protuberances. Eleven (ii) medtherm

heat flux transducers mounted in the forward orbiter - ET attach (bipod) strut

are shown in Figure id. However, no medtherm data will be displayed in

this report. All th_rmocouples were spot welded to the model and inserts

inner surface at the locations given in Figures ib thru le.

325 thermocouples, of which 15 were located on the flat plate Insert IX,

250 T/Cs located on the flat plate Insert XI and 60 T/Cs around the ET

protube=ances as described below, were connected to 23 plugs with approx-

mately 15 thermocouples per plug as shown in Table VII. These plugs were

stowed inside and aft of the tunnel. A T/C junction box was installed

on the T/C terminal board. Thus, all T/C changes were made by plug

changes inside the tunnel at the terminal board between runs.

Constant sets i00, ii0, 200, 210, 300, 310, 400, 500 and 600 were plugged

to the T/C juntion box as per Table VI. These nine (9) constant sets were

divided into two groups. Constant sets i00, ii0 and 500 T/C_ are chromel-

alumel and the remaining six (6) constant sets are chromel-constantan.

The 58-0T model employed during this test program was instrumented as

follows:

External Tank Protuberances

Sixty (60) thirty-gage thermocouples were installed around the ET protuberances

with a combination of chromel-constantan and chromel-alumel thermocouples

as shown in Figure le and in Table V.

12



INSTRUMENTATION (Concluded)

Flat Plate Insert IX

Insert No. IX acts as a sliding block plate placed in the rear for testing

the 24" location and in the forward position for 42" location. However,

for this test Insert IX was installed in the forward position for all

runs in configuration "B" as shown in Figure la. This insert is 24" wide

by 18" long and contains 15 thirty-gage chromel-constantan thermocouples on

a centerline row as shown in Figure lb. Thermocouple locations are shown

in Table III.

Flat Plate Insert Xl

Insert No. Xl consisted of an instrumented insert simulating the External

Tank (ET) protuberances with a 0.04-scale 50% orbiter forebody model 58-OT

suspended over the insert. The entire assembly (insert plus orbiter)slid

such that the orbiter/ET forward attach bracket was at 24 u"and 42". Insert XI

is 24" wide by 24" long and instrumented with 250 thermocouples of which

190 T/C s were installed on the insert and the remaining 60 T/C s on the

ET protuberances. These 190 thirty-gage chromel-constantan T/C s locations

are presented in Figure ic and Table IV.

Thermocouple numbers, skin thickness and plug numbers are listed in Table

VII.

13



TESTFACILITYDESCRIPTION

The NASA/Ames3.5-Foot Hypersonic Wind Tunnel is a closed-circuit, blowdown-

type tunnel capable of operating at nominal Machnumbersof 5, 7, and i0 at

pressures to 1800 psia and temperatures to 3400°R for run times to four

minutes. The major componentsof the facility include a gas storage system

where the test gas is stored at 3000 psi, a storage heater filled with aluminum-

oxide pebbles capable of heating the test gas to 3400°R, axisymmetric con-

toured nozzles with exit diameters of 42 inches for generating the desired

Machnumber, and a 900,000 ft 3 vacuumstorage system which operates to

pressures of 0.3 psia. The test section itself is an open-jet type en-

closed with a chamberapproximately 12-feet in diameter and 40-feet in length,

arranged transversally to the flow direction.

A model support system is provided that can pitch models through an

angle-of-attack range of -20 to +20 degrees, in a vertical plane, about a

fixed point of rotation on the tunnel centerline. This rotation point is

adjustable from i to 5 feet from the nozzle exit plane. The model

normally is out of the test stream (strut centerline 37-inches from tunnel

centerline) until the tunnel test conditions are established after which it

is inserted. Insertion time is adjustable to as little as 1/2 second

and models maybe inserted at any strut angle.

A high-speed, analog-to-digital data acquisition system is used to record

test data on magnetic tape. The present system is equipped to measure

and record the output from 80 transducers in addition to 20 channels

of tunnel parameters.

14



TESTPROCEDURES

Installation

The SS-NO0152H flat plate basic insert carrier was installed on the NASA/ARC

AI3684-DI5 sting assembly which was attached to the 3.5-foot hypersonic wind

tunnel sting support injection system. When injected, the sting positioned

the axial centerline of the carrier on tunnel centerline at zero degrees pitch,

yaw, and roll.

Thermocouple leads were routed internally in the carrier to the aft end and

routed through the sting to a 150 ° reference junction terminal box at one

end of the test chamber. The wire harness consisted of 325 30-gage chromel-

constantan and chromel-alumel thermocouple cables, each 50 feet long. At

the end of the wire harness were 23 Cannon DCC-37F connectors with 15 thermo-

couple cables per connector.

Figure la depicts the installation of Model 58-OT in the NASA-ARC 3.5-foot

HWT. The facility designated test No. 3.5-228-1 to the IH51A test program.

Nominal tunnel operating conditions required to complete test IH51A run

schedule are presented in Table I. The actual test run schedule is pre-

sented in Table II.

With 75 thermocouples recorded on each run, the model thermocouple connector

plugs listed in Table VI had to be arranged into groups of five for hookup

to the permanent wire harness at the rear of the tunnel. Not all connector

plugs contained the maximum of 15 thermocouples, as shown in Table VII,

therefore, for some model configurations, less than 75 thermocouples were

recorded. Each group of five connector plugs to be recorded was labeled

15



TEST PROCEDURES (Continued)

a constant set and given a specific number. The correlation between

constant set number and connector plug is given in Table VI.

The Space Shuttle ascent flight conditions were simulated by a hypersonic

flow environment at Mach 5.3 and a simulated Reynolds number of 5.0 x 10 -6

per foot using a total temperature of 1300°R. For this test, the tunnel

test conditions were established within 10% of the specified Reynolds numbers.

Prior to commencing the test, the model was set for the correct model

configuration followed by checkout of the thermocouple instrumentation.

The thermocouple connector plug patching usually required a thermocouple

continuity check where heat was applied at the thermocouple location to

monitor response on the correct data acquisition channel. Any thermocouple

repair was scheduled after the daytime running shift.

Pre-run activity consisted of final adjustment of the Schlieren mirror

before closing the tunnel doors and print-out of the thermocouple voltage

levels to have the data acquisition system ready.

After the model configuration was set, the runs depended on the tunnel

reservoir reaching the desired pressure and temperature level. Once the

test preparations were completed, the tunnel was started and the tunnel

quick-insert support mechanism injected the model into the air stream when

steady-state test conditions were established. The model was retracted

at the completion of the data acquisition. The model injection time, time

on centerline, and retraction time were each set at about one second to

give a total test duration of about three seconds.

16



TEST PROCEDURES (Concluded)

The model wall temperature along with the tunnel conditions were recorded

on magnetic tape and the model injection sequence was monitored on oscillo-

graph during the run.

One hour minimum was required between runs, usually to replenish the pressure

reservoir, cool the model to isothermo ambient temperature conditions; the

interim run was usually longer due to model configuration changes. Without

problems, the approximate run rate was 5 runs per day.

Thermocouple data from the model were recorded on magnetic tape by a

Beckman hlgh-speed analog-to-digital data acquisition system. A maximum

of 75 thermocouples can be recorded at one time at a rate of 0.07 second

per data point from the start of insertion until the end of retraction.

17



DATAREDUCTION*

Test Conditions

Test Conditions are tabulated in Table I.

Tunnel stagnation pressure and stagnation temperature measnrements were

converted to engineering units of ib/in 2 and OR using the latest pressure

transducer calibration and the appropriate millivolt-temperature thermo-

couple curve. The remaining test conditions were derived from these

measurements. In particular, the tunnel freestream unit Reynolds number

was calculated by Equation i.

o=V= i/ft (i)

where p_ = freestream density

V_ = freestream velocity

_= = freestream viscosity calculated h_ Equation 2, which

is Keyes equation for viscosity (Reference 2)

0. 0232XIO-6X T_½ ib-sec (2)
_oo ----

220 IO_9/T= ft2
i +_-_ X

where T= -- freestream static temperature

Tunnel freestream conditions used in Equations (i) and (2) and tabulated

in the final data were corrected for calorically imperfect, thermally

perfect air. The corrections to the perfect gas relations were taken

from NACA Report 1135 (Reference 3).

*The data reduction equations in this section were supplied by
W. K. Lockman of ARC.

18



DATAREDUCTION(Continued)

Heat Transfer Data

Heat transfer data were reduced using techniques outlined in Reference 6.

Ten frames of data, or 0.70 seconds, were reduced beginning at the time

when the model reached tunnel centerline.

Thermocouple data were reduced using the one-dlmensional, thin-wall equa-

tion:

= WCb dTw _ h (Haw - Hw) _ hT t lHaw Hw_ (3)
dt _H t H t !

which neglects heat-conduction losses.

Assuming that W and h are constant and

C = Co + CI Tw + C2 Tw 2 for all Tw ranges, i4)

the integration of equation (3) for t = ti to t and Tw

the linear equation:

f (Tw) = - £n , - + _--7-- +
\ Taw Tw i Caw Caw

hc
=--__J_--n-. (t- ti)

WC aw b

= Twl to Tw yields

Tw + Tw _ Twi_,
2

(5)

where it is defined that:

, Haw Haw H t

Taw = Cp -- H__ Cp -> (Taw)PG
(6)

19



DATA REDUCTION (Continued)

, _ Co + C1 ' ' 2Caw Taw + C 2 Taw

# specific heat at adiabatic wall temperature.

(7)

Thp.... fo_rm of equation (5) is _f(Tw) = mt _. _ where m is the _v_=1_= and b is

the intercept for a straight line if heat-conduction errors are negligible.

Thus, deviations from a straight line will indicate heat-conduction effects.

The slope, m, of f(T w) vs t from equation (5) was computed by a least-

squares, straight-line fit over a finite time interval (0.70) beginning

when the model reached uniform tunnel flow (tunnel centerline). The value

of the heat-transfer coefficient, h, was then determined from:

I

WCawb
h - m" (8)

Cp

Using this value of h, the heat-transfer rate was evaluated at the initial

time, ti, when the model was isothermal at the initial wall enthalpy, Hwi.

= _i = h (Haw- Hwi) _ hH t (Haw Hwi) (9)
H t Ht

where Haw/H t is the same value used to evaluate h. The resultant value of

is independent of the value of Haw/Ht used for both the h and _ evalua-

tions.

The reference sphere heating was also evaluated at the initial wall enthalpy

by the method of Fay and Riddell (Reference 4).

Hwi) (i0)
qs = hs (Ht - Hw i) E hs Ht (i.0 - H--t-

20



DATA REDUCTION (Continued)

The model-to-sphere ratio of heat-transfer coefficients was then determined

from equations (9) and (i0) as

= H TH = (n)

where _i was constant for all values of Haw/H t.

To determine h/h s for various values of Haw/Ht, the particular value of

Haw/H t was substituted into equation (ii). h/hs was evaluated for three

different values of Haw/Ht: 0.850, 0.900, and 1.00.

The Stanton number was determined by:

st _ h _ qi

0u pu(Haw - Hwi)

where for free-stream conditions, 0u = 0=V_.

The Stanton number was evaluated at two different values of Haw/Ht:

0.850 and 0.90

(12)

The derivations of the model heating and reference sphere heating included

the corrections of NASA Report 1135 (Reference 3) for calorically imper-

fect, thermally perfect air.

Material Properties

The instrumented areas of the model were constructed of 17-4 PH stainless

steel. The material thermal properties necessary for thin wall thermo-

couple data reductions were:
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DATA REDUCTION (Concluded)

Material density: W = 490 ib/ft 3

Btu
Material specific heat: C = 0.0797 + 5.556XI0 -5 Twi)ibm_OR

Model material skin thicknesses at the specific thermocouple locations

can be found in Table VII.
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RESULTS AND DISCUSSION

Test IH51A results consisted of reduced thin skin thermocouple data in

t@bulate _ form. The end result was heat transfer coefficient ratios, H/HS,

for various values of adiabatic recovery factor, Haw/H t. The adiabatic

recovery factors used for this test were 0.85, 0.90, and i.00.

TWO types of tabulated reduced data were received at the test site. The

first type received, usually two or three days after the run, was a detailed

data listing containing tunnel parameters as a function of time, heat transfer

parameters, and least-squares curve-fit plots to assess linearity of the

thermocouple data. The second type received, either weekly or at some other

convenient point in the test program, was summary data containing only tunnel

header data and heat transfer parameters. In addition to heat transfer co,

efficient ratios, the heat transfer parameter data for each thermocouple

consisted of heating rate ratio, Q/QS, enthalpy ratio, HW/HT, model wall

temperature, TW, heating rate, Q, reference sphere heating rate, QS, and

Stanton number, STN N0.

The least-squares, straight-line curve fit of the thermocouple data was a

good indicator of the quality of the data. As stated in the data reduction

section, deviations from a straight line implied that heat conduction was

affecting the thermocouple measurement. Scatter in the data due to a noisy

or bad amplifier or due to a thermocouple problem was also very evident from

the least-squares plot. Generally, the thermocouples exhibited good or

acceptable linearity. Heat conduction effects and data scatter were signifi-

cant in only a few instances. Likewise, thermocouple problems were kept at

a minimum by daily repair, although there were a few thermocouples that were
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RESULTS AND DISCUSSION (Concluded)

difficult to repair and were neglected.

Tabulated results of the reduced thin skin thermocouple data are presented

in the Appendix of Volume 4.
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a .  S c h l i e r e n  Photograph of t h e  O r b i t e r  
Forebody w i t h  E x t e r n a l  Tank P r o t u b e r a n c e s  
Mounted on a F l a t  P l a t e  

F igure  2. Model Photographs 
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